Germination of lettuce seeds (Lactuca sativa L. cv Grand Rapids) in the dark was nearly 100% at 200C but was inhibited at 270C and higher temperatures (thermoinhibition). A single 5-minute exposure to red light completely overcame the inhibition at temperatures up to 280C, above which the effectiveness of single light exposures gradually declined to reach a negligible level at 320C. However, the promotive effect of light could be extended to 340C by repeated irradiations. At any one temperature, increased frequency of irradiations increased germination percentage, and with each degree increase in temperature, increasingly frequent irradiations were necessary to elicit maximal germination. Loss of the effectiveness of single irradiations with increase in temperature may result either from acceleration of the thermal reversion of the far red-absorbing form of phytochrome or decrease in seed sensitivity toward a given percentage of the far red-absorbing form of phytochrome. Using continuous red light to induce germination, the role of endogenous C2H4 in germination at 32°C was studied. Ethylene evolution from irradiated seeds began to increase 2 hours prior to radicle protrusion, whereas the dark-incubated (nongerminating) seeds produced a low, constant amount of C2H4 throughout the 24 hour incubation period. Inhibition of C2H4 synthesis with 2-aminoethoxyvinyl glycine and/or inhibition of C2H4 action with 2,5-norbomadiene blocked the promotive effect of light. Exogenous C2H4 overcame these blockages. The results showed that participation by endogenous C2H4 was essential for the light-induced relief of thermoinhibition of lettuce seed germination. However, light did not act exclusively via C2H4 since exogenous C2H4 alone in darkness did not promote germination.
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Germination of lettuce (Lactuca sativa L.) seeds is strongly influenced by temperature. Germination of lettuce seeds is nearly 100% in the dark at temperatures up to approximately 20°C, although the actual permissive temperature range varies among cultivars or even different seed lots ofthe same cultivar (4, 16, 27, 29 percentage declines with increase in temperature (thermoinhibition) to reach zero at approximately 25 to 35°C depending on the seed lot and cultivar (16, 22, 27, 29) . Seeds held at such supraoptimal temperatures in an ungerminated state eventually lose their ability to germinate even when returned to a permissive temperature, thus entering a secondary dormancy termed 'thermodormancy' (4).
Over a limited temperature range, thermoinhibition of lettuce seed germination can be alleviated by briefly exposing the imbibed seeds to light (4, 6) . However, as the temperature rises further above this range, the promotive effect of a short exposure to light also disappears (4, 21) , although continuous light has been reported to induce more germination (90%) than a single light exposure (32%) at 29°C (21) . The latter finding suggests that the loss of effectiveness of short term irradiation may be related to a rapid thermal reversion of Pfr to Pr prior to the completion of phytochrome action.
Further, the effects of plant hormones, such as gibberellic acid, kinetin, and ethylene, on the relief of thermoinhibition of lettuce seed germination have been the subject of much study (e.g. 4, 15, 18, 20, 25, 28) . In addition to a variety of interactions among these hormones, carbon dioxide has also been reported by some workers to accentuate the effects of hormones (14, 18, 19) . However, the above reports were based on germination tests done in closed containers where metabolic activities of the enclosed tissues could dramatically change the concentrations of gases such as C2H4 and CO2 (2, 9, 14, 18) , possibly resulting in a modification of the effects of other treatments (3, 13, 14, 23) . Using techniques that allowed a precise control ofthe gaseous environment throughout an experiment, we demonstrated that when applied singly, none of the aforesaid compounds or a 5-min red light exposure had any appreciable effect on the germination of thermoinhibited (32°C) Grand Rapids seeds (23) . Elicitation of germination required at least two inductive factors; combinations that induced 100% germination comprised at least three factors. Induction of germination by different combinations of gibberellic acid, kinetin, and CO2 was later found to require synthesis and action of endogenous ethylene (24) .
In our attempt to clarify further the roles of phytochrome and plant hormones in lettuce seed germination, the present study was designed to examine the relationship between tem-perature and red-light-dosage required to overcome thermoinhibition, and to study the role of endogenous ethylene in light-induced germination of thermoinhibited Grand Rapids lettuce seeds.
MATERIALS AND METHODS

Materials
Seeds ofLactuca sativa L. cv Grand Rapids were purchased from Ferry Morse Seed Co, Mountain View, CA, and were stored at 3°C in darkness until used. All experiments were conducted on seeds selected against deformities and discoloration, and for uniformity in size. Compressed air and C2H4 were obtained from Linde Union Carbide, Canada. Aldrich Chemical Co was the supplier of 2,5-norbornadiene (bicyclo [2.2.1] hepta-2,5-diene), and other chemicals were supplied by Sigma Chemical Co. All chemicals were of the highest purity available.
Experiments on Effects of Irradiation Frequency
Seeds were imbibed in modified 250 mL Erlenmeyer flasks, each fitted with an airtight glass stopper with a clear glass flat top to facilitate light exposure, and an inlet and outlet to allow continuous gaseous flow. Each flask contained 100 seeds imbibed on 3 layers of Whatman No. 1 filter paper soaked with 5 mL deionized distilled water. Flasks were incubated in a water bath maintained at the desired temperature ±0.2°C. This entire apparatus was enclosed in a light-proof chamber, to the ceiling of which was attached a light bank of four 15-W cool-white fluorescent lamps covered with No. 15 'ruby' Cinemoid (Rank Strand Electric Ltd., London, England). The seed level photon flux density from this red light source was 9.1 ,umol m-2 s-'. The light bank was controlled from outside the chamber through an automatic timer capable of controlling the frequency and duration of red irradiations. The chamber was equipped with an exhaust fan for dehumidification to prevent condensation on the light bank and the tops of the incubation flasks. The chamber was also equipped with four channels of humidified air flowing at 20 mL min-' for connection to the inlets of incubation flasks, and four exhaust channels to collect the gaseous effluents from the flasks when necessary. Carbon dioxide and hydrocarbons including C2H4 were removed from the gas inflow; CO2 was removed by bubbling the gas stream through two successive traps, each containing 30 mL of 20% (w/v) KOH, and hydrocarbons were eliminated through platinum-catalysed thermal oxidation using the procedure described earlier (10) . Ethylene and CO2 concentrations in the incoming air were periodically monitored, without detectable change, by injecting the air samples onto a Porapak-Q column installed in a HewlettPackard 5880A series gas chromatograph equipped with a flame ionization detector and a thermal conductivity detector. Four flasks (replicates) were used for each experiment (four flasks/temperature/irradiation frequency). All irradiations commenced 2 h after the beginning of imbibition, and germination percentages (radicle protrusion) were recorded following incubation for 24 h, a period that was found to allow maximal germination.
Experiments on Effects of Ethylene Synthesis
Seeds (200/flask) were incubated at 32°C as described above in deionized distilled water on 1 mM AVG,3 in the dark or continuous red light for 24 h, during which period ethylene evolution from the seeds was determined at 2 h intervals as follows. Four flasks were incubated concurrently for the record of germination but only two of these were used for the measurement of ethylene evolution. The start of imbibition of seeds in these two flasks was staggered by 12 h, using one flask for measurements from 2 to 12 h and the other from 14 to 24 h after imbibition. This method allowed convenient collection of ethylene evolution data within 12 h. Gaseous effluents from each flask were passed through 30 mL of 20% (w/v) KOH contained in a gas washing bottle immersed in an ice-bath to remove CO2. Ethylene was then collected from the effluent for 30 min by passage through a U-tube containing 0.5 g silica gel (60-80 mesh) kept at -86°C in a dry iceacetone bath. The U-tube was then removed and connected to a specially installed injection port on a Hewlett-Packard 5880A series gas chromatograph. Ethylene was desorbed from silica gel by placing the U-tube in a boiling water bath, injected onto a Porapak-Q column and quantified with a flame ionization detector. The details of this method have been described elsewhere (10) . When germination was recorded at different times during the 24 h period, this was done by taking counts from separate flasks on each occasion to avoid any possible effect of seed disturbance on germination.
Experiments on Effects of Ethylene Action
Ethylene action was manipulated with the inhibitor 2,5-norbornadiene (26) . Since it was difficult to control the concentration of norbornadiene vapor in a continuous flow system, the experiments were done in closed, modified Erlenmeyer flasks. Each flask was equipped with a clear glass top and a lateral injection port sealed with a serum septum, and had a net volume of 356 mL. Seeds were imbibed in deionized distilled water or 1 mm AVG as described earlier. Each flask contained 50 seeds. Liquid norbornadiene was injected in quantities from 0.385 to 3.076 1L onto a piece of cotton-wool suspended inside the flask. Norbornadiene completely evaporated within 10 min to give vapor phase concentrations of 0.25 to 2.0 mL L-'. When norbornadiene and C2H4 were administered simultaneously, C2H4 concentration was first established by flushing the flask for 5 min with a 500 mL min-' flow of C2H4 at the relevant concentration. The flasks were then incubated at 32°C in continuous red light in the light-proof chamber described earlier. Each treatment was given in three replicate flasks and germination was recorded after incubation for 24 h.
Replication
Aside from the replication within each experiment as described above, all experiments were repeated at least once, with similar results. Seed germination percentages are the means of three or four replicates within an experiment whereas each value for C2H4 evolution is the average from two experimental repeats.
RESULTS AND DISCUSSION
Relationship between Temperature and Light Requirement
Germination of seed in the dark at the permissive temperature of 20°C was 95 ± 2%. At high temperatures, dark germination was inhibited, and few seeds germinated at or above 28°C (Fig. 1) . This thermoinhibition at temperatures up to 29°C was completely overcome by a single, 5-min exposure to red light (Fig. 1) . The promotive effect of a single light exposure declined progressively with increase in temperature above 29°C, with little promotion occurring beyond 33°C. However, when seeds at the inhibitory temperatures were exposed to 5-min episodes of light at increasingly frequent intervals, germination increased further. Notable features ofthis response were: (a) at any one temperature between 30 and 34°C, increased frequency of irradiation increased germination percentage; (b) with increase in temperature, increasingly frequent irradiations were required to elicit maximum germination; (c) the range of temperature at which light could promote germination was extended by approximately 2°C by the repeated irradiations.
However, light treatment given more frequently than every 0.5 h (data not presented) had no additional effect, and 34°C was the highest temperature at which light had any effect.
The results suggest that the decrease in the ability of red light to promote germination as the temperature increases may relate to an acceleration of dark reversal to Pfr to Pr. The Pfr produced by a single irradiation at an inhibitory temperature possibly reverts to Pr before it can trigger germination. Maintenance of high levels of Pfr through repeated exposures to red light allows sufficient time for the action of Pfr. Alternatively, the percentage of seeds responsive to a given level of Pfr may decline progressively with increase in temperature. Such explanations may apply to several species in which greater levels of germination are induced by continuous or repeated irradiations than by short term light exposures (5, 11, 12, 17, 21) .
Role of Endogenous C2H4
The role of endogenous C2H4 in light-induced relief of thermoinhibition of seed germination was studied at 32°C, using continuous red light to elicit germination. At this temperature, germination percentages after 24 h incubation in the dark and continuous light were 0 and about 90, respectively. Ethylene evolution from the dark-incubated seeds throughout the 24 h was less than 100 pL/200 seed/30 min, whereas seeds in the light produced roughly 2 to 3 times this amount of C2H4 from the early stages (2 h) of imbibition (Fig.  2) . This difference in C2H4 production between germinating and nongerminating seeds, although statistically not significant, was observed consistently in these and previous experiments (24) . Ethylene evolution from the illuminated seeds began to increase 10 h after imbibition (significant between 10 to 12 h) and continued to increase to reach a plateau at 20 h. First visible germination (radicle protrusion) was observed 12 h after the start of imbibition, i.e. 2 h after the noticeable increase in C2H4 evolution (Fig. 3) .
Application of AVG, an inhibitor of pyridoxal-phosphatemediated reactions such as the conversion of SAM to ACC in C2H4 biosynthesis (30) , lowered the C2H4 evolution from the illuminated seeds to the levels similar to those emanating from dark-incubated seeds throughout the 24 h period (Fig.  2) . The inhibition of C2H4 evolution was accompanied by a reduction in germination to 50% (Table I ). The inhibitory effect of AVG on germination was completely reversed by a low concentration (1 gLL L-') of exogenous C2H4 (Table I ).
Since AVG did not completely eliminate C2H4 evolution or germination, the effect of inhibition of C2H4 action (26) on germination was studied using 2,5-norbornadiene. All concentrations of norbornadiene between 0.25 and 2 mL L' inhibited germination, with only 4% of the seeds germinating at the highest concentration (Fig. 4) by the application of AVG ( Fig. 2 ; Table I ), indicates that these seeds may have a very low requirement for C2H4. These seeds could, however, be prevented from germinating if the action of the residual C2H4 was blocked (Fig. 5 ).
This evidence from the quantitative differences in C2H4 production by the germinating and nongerminating seeds, the temporal relationship between C2H4 evolution and germination, and the manipulation of C2H4 synthesis and action, shows that C2H4 plays an essential role in the light-induced relief of thermoinhibition of lettuce seed germination. Although AVG would be expected to inhibit a range of pyridoxal-phosphate-dependent reactions, the fact that exogenous ethylene alone overcame the effect of AVG on germination suggests that the germination was probably inhibited specifically by the effect of AVG on C2H4 synthesis. Similar argument would also apply with regard to the specificity of the effect of norbornadiene on ethylene action required for germination.
We have previously demonstrated (24) that endogenous C2H4 is essential for the alleviation of thermoinhibition of lettuce seed germination in the dark by the applications of GA3, kinetin, and/or CO2. A similar requirement for C2H4 under nonthermoinhibitory conditions (25°C) was reported by Abeles (1), although these seeds were irradiated. His work also indicated an essential role of C2H4 for a rather small amount of light-induced germination (<10%) that occurred at 30'C. Previous findings taken together with the present results suggest that ethylene plays an essential role in lettuce seed germination, regardless ofthe conditions for germination (8) . A recent study suggests that one action of C2H4 may be the promotion of radicle cell expansion in the embryonic hypocotyl (1).
